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REVIEW 
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PRANKISH, H. M., S. DRYDEN, D. HOPKINS, Q. WANG AND G. WILLIAMS. Neuropeptide Y, the hypothalamus, and 
diabetes: Insights into the central control of metabolism, PEPTIDES 16(4) 757-771, 1995. — Neuropeptide Y (NPY), a major 
brain neurotransmitter, is expressed in neurons of the hypothalamic arcuate nucleus (ARC) that project mainly to the paraventricular 
nucleus (PVN), an important site of NPY release. NPY synthesis in the ARC is thought to be regulated by several factors, notably 
insulin, which may exert an inhibitory action. The effects of NPY injected into the PVN and other sites include hyperphagia, 
reduced energy expenditure and enhanced weight gain, insulin secretion, and stimulation of corticotropin and corticosterone release. 
The ARC-PVN projection appears to be overactive in insulin-deficient diabetic rats, and could contribute to the compensatory 
hyperphagia and reduced energy expenditure, and pituitary dysfunction found in these animals; overactivity of these NPY neurons 
may be due to reduction of insulin's norma] inhibitory effect. The ARC-PVN projection is also stimulated in rat models of obesity 
± non-Insulin diabetes, possibly because the hypothalamus is resistant to inhibition by Insulin; in these animals, enhanced activity 
of ARC NPY neurons could cause hyperphagia, reduced energy expenditure, and obesity, and perhaps contribute to hyperinsuli- 
nemia and altered pituitary secretion. Overall, these findings suggest that NPY released in the hypothalamus, especially from the 
ARC-PVN projection, plays a key role in the hypothalamic regulation of energy balance and metabolism. NPY is also found in 
the human hypothalamus. Its roles (if any) in human homeostasis and glucoregulation remain enigmatic, but the animal studies 
have identified it as a potential target for new drugs to treat obesity and perhaps NIDDM. 
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THIS review will focus on the possible role of a brain peptide, 
neuropeptide Y (NPY), in mediating some of the hypothalamic 
disturbances that occur in diabetic rodents. At first sight, this may 
seem a very restricted brief: why have we selected only one of 
the 40 or so neurorxansimtters found in the hypothalamus, and 
why are we concentrating on diabetes? The immediate answers 
to these questions are that NPY is now convincingly implicated 
in regulating important hypothalamic functions, and the changes 
that accompany diabetes may provide valuable insights into the 
central control of activities such as energy homeostasis, metab- 
olism, and pituitary secretion. 

Diabetes itself demands attention because it is common, 
causes considerable morbidity and mortality, and imposes im- 
mense financial burdens on society. Worldwide, diabetes may 
affect over 50 million people and in the USA and other developed 
countries, it probably absorbs 5-10% of total health-care expen- 
diture The most obvious problems posed by diabetes relate to 
its long-term management and its chronic complications, but cer- 
tain hypothalamic disturbances associated with diabetes may be 



clinically significant in some cases. Examples of neuroendocrine 
dysfunction include disturbed secretion of pituitary hormones, 
notably growth hormone and Cortisol, which, by impairing tissue 
sensitivity to insulin, may contribute to poor metabolic control 
in some patients. This may apply particularly to pubertal patients, 
and the delayed insulin resistance caused by nocturnal hyperse- 
cretion of growth hormone has been held responsible for the fast- 
ing hyperglycemia of the "dawn phenomenon." Disordered go- 
nadotropin secretion may lead to menstrual irregularity and 
reduced fertility, although, like all aspects of pituitary dysfunc- 
tion in human diabetes, this tends to improve with tightened gly- 
cernic control and therefore poses less of a clinical problem now- 
adays than previously. 

Perhaps the most important aspect, however, is the role that 
the hypothalamus may play in causing obesity, and therefore in 
contributing to non-insulin-dependent diabetes (NIDDM). Most 
people with NIDDM are obese, and failure to lose weight is a 
common and significant barrier to effective treatment in many 
cases (143). NIDDM accounts for over 80% of diabetes in Bu- 



1 Requests for reprints should be addressed to Gareth Williams, M.D. FRCP, Department of Medicine, University of Liverpool, P.O. Box 147, 
Liverpool L69 3BX, UK. 



757 



18069302 



758 



rope and North America; apart from the obvious intellectual re- 
wards, a deeper understanding of how energy balance is con- 
tiolled could potentially improve the management of over 50% 
of the diabetic people in the Westernized world. 

We shall first discuss briefly the various diabetic syndromes 
of man and rodents, and the nature and significance of the hy- 
pothalamic disturbances that accompany them. Second, we shall 
discuss NPY, its experimental actions and the factors that may 
regulate the activity of NPYeigic pathways in the hypothalamus. 
Third, we shall review critically the evidence that NPY may be 
involved in causing some of the neuroendocrine changes of di- 
abetes. Finally, we shall try to determine whether the lessons 
learned from animal studies are likely to survive the ascent of 
the evolutionary ladder, and whether they have any relevance to 
diabetes and nutritional disorders in man. 

DIABETIC SYNDROMES IN MAN AND RODENTS 

Human insulin-dependent diabetes mellitus (IDDM) is due 
to chronic autoimmune destruction of the pancreatic /3-ceIls. 
This may smoulder unsuspected for many years until a critical 
mass (probably >90%) of the 0-celIs has been destroyed. At 
this stage, blood glucose levels rise and the clinical features 
of the disease (polyuria, polydipsia, weight loss, malaise) ap- 
pear relatively rapidly. Insulin deficiency in IDDM is so pro- 
found that unrestrained lipolysis and ultimately ketosis de- 
velop, in addition to hyperglycemia. Patients with IDDM die 
unless insulin replacement is given. 

Several diabetic syndromes in rodents resemble human EDDM 
quite faithfully. The BB (Bio-Breeding) rat and NOD (non-obese 
diabetic) mouse both develop spontaneous autoimmune insulitis, 
analogous to that in man, leading to profound insulin deficiency, 
severe hyperglycemia, ketosis, and dependence on insulin re- 
placement for survival. A more convenient and readily controlled 
model is that induced in normal rats by administering the /5-cell 
toxin, streptozotocin (STZ), a Streptomyces-derived compound 
whose potential use as an antibiotic was abandoned when its 
diabetogenic properties became apparent. High doses of STZ 
(> 100 mg/kg) cause severe insulin deficiency, ketosis, and death, 
whereas a single dose of 50-100 mg/kg induces a relatively sta- 
ble IDDM-like syndrome. Plasma insulin concentrations are re- 
duced to 10-20% of normal, glycemia runs at 25-30 mmol/1, 
and the rats fail to gain weight; at this dosage, ketosis does not 
develop and they can survive for prolonged periods without in- 
sulin (14). 

Human NIDDM is due to a variable combination of insulin 
deficiency, which is less severe than in IDDM, together with 
reduced ability of the target tissues to respond to insulin action 
(i.e., insulin insensitivity or insulin resistance). Highly specific 
two-site immunoradiometric assays, which recognize only au- 
thentic insulin, have recently shown beyond doubt that circulat- 
ing Insulin concentrations are subnormal in NIDDM, whereas 
conventional assays (which also detect incompletely processed 
insulin precursors) have yielded inconsistent findings; Longitu- 
dinal studies of pre-NIDDM subjects suggest that insulin resis- 
tance precedes and may hasten /3-ceIl failure. Obesity is a major 
determinant of insulin resistance and is undoubtedly of etiologic 
importance In many cases of NIDDM (153). 

NIDDM-like states can be induced in rats by partial pancre- 
atectomy or small doses of STZ (»10 mg/kg) given during the 
neonatal period; both procedures result in moderate insulin de- 
ficiency without ketosis (15,106). Various spontaneous models 
of NIDDM have also been reported, notably two genetic syn- 
dromes of mice, which are both inherited as autosomal recessive 
traits. These are the ob/ob and db/db mice, which are homozy* 
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gous for the ob (obese) and db (diabetes) gene, respectively. As 
the name implies, ob/ob mice are obese, weighing about twice 
as much as their unaffected (+/+ or +/<?£>) littermates. They are 
insulin resistant and have marked hyperinsulinemia: plasma in- 
sulin concentrations, measured by conventional RIAs, are 10- 
20 times higher than in lean mice. Blood glucose levels are up 
to 20-30 mmol/I. db/db mice are similar, but their insulin secre- 
tion is more precarious and fails in later life, leading to weight 
loss, severe hyperglycemia, ketosis, and insulin dependence (8). 

In rats, homozygosity for the autosomal recessive genes, fa 
(fatty) and cp (corpulent) also results in obesity, insulin resis- 
tance, and hyperinsulinemia. The fa/fa syndrome was first iden- 
tified in the Zucker strain, but can also be transferred to other 
strains such as the Wistar (56). The cp/cp syndrome has been 
expressed on various backgrounds, Including the LA-N and the 
JCR:LA. All these mutants display spectacular obesity, and some 
individuals weigh over 1 kg. Insulin resistance is severe, with 
skeletal muscle being particularly insensitive to insulin action, 
and plasma insulin concentrations may be increased up to 10- 
20 times normal (8). Some syndromes, notably the JCR:LA-c/?/ 
cp, also show severe lipid abnormalities with accelerated athero- 
sclerosis, and die prematurely from myocardial infarction. These 
animals have been equated with Syndrome X in man (comprising 
insulin resistance, hyperinsulinemia, glucose intolerance, dysli- 
pidemia, and hypertension), which is now thought to be a major 
risk factor for coronary heart disease. However, these insuhn- 
resistam syndromes correspond poorly to human NIDDM be- 
cause they are only mildly glucose intolerant and display modest 
hyperglycemia that falls short of the diagnostic criteria for dia- 
betes. Recently, introduction of th&fa gene into the Wistar rat 
(56) has produced an obesity/hyperinsulinemia syndrome with 
greater hyperglycemia (>22 mmol/1), and a variant of the fa/fa 
Zucker, the Zucker diabetic fatty (ZDF) that becomes markedly 
hyperglycemic, appears to resemble human NEDDM even more 
closely. Further characterization of these models is awaited and, 
in particular, definition of the extent to which "true" insulin may 
contribute to their hyperinsulinemia. 

NEUROENDOCRINE DISTURBANCES IN DIABETIC RODENTS 

Many facets of neuroendocrine function are disturbed, in 
different ways, in the rodent models of IDDM and NIDDM 
(Table 1). 



TABLE 1 

NEUROENDOCRINE AND METABOLIC DISTURBANCES IN ANIMAL 
MODELS OF IDDM/NIDDM 





Insulin-Deficient 
Diabetes 


Ohese-Hypcrinsullnemic 
Diabetes 


Energy metabolism 






Food intake 


increased 


increased 


Energy expenditure 


decreased 


decreased 


Body weight 


decreased 


increased 


Blood insulin 


decreased 


increased 


Pituitary secretion 






Blood cortices terone 


increased 


increased 


Gonadotropins 


decreased 


decreased 


Growth hormone 


decreased 


normal 


Prolactin 


decreased 


normal 


Thyrotropin 


decreased 


norma] 


Other actlvides 






Circadian rhythms 


disturbed 


disturbed 


Sexual activity 


reduced 


reduced 
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IDDM-like syndromes display striking changes in energy me- 
tabolism, pituitary secretion, circadian rhythms, and in certain 
behaviors. An obvious alteration in energy metabolism is hyper- 
phagia; food intake rises by 50-100% within a few days of in- 
ducing experimental diabetes in rats, with a marked preference 
for carbohydrate-rich foods (65). The basis for the carbohydrate 
selectivity is not clear but it does not appear to be determined by 
taste alone. Energy expenditure is reduced, and the thermogenic 
capacity of brown adipose tissue (measured as mitochondrial 
GDP binding or its content of uncoupling protein mRNA) is de- 
creased. These responses may represent adaptive attempts to 
main t ain energy balance in the face of diabetes, which is an in- 
tensely catabolic state that also leads to considerable losses of 
energy substrate through glycosuria. 

The secretion of all pituitary hormones is abnormal to some 
extent, and may be accompanied by histologic changes in the 
relevant pituitary cell types and by secondary alterations in the 
endocrine organs that they regulate. Secretion of corticosterone 
is increased (101), with loss of the normal diurnal secretory 
rhythm, as is seen with Cortisol in human Cushing's disease. 
Growth hormone secretion is decreased (128), the opposite to the 
change seen in human EDDM. Prolactin release is also reduced 
(63). The secretion of gonadotropins, especially of LH, is im- 
paired (64) and this has been implicated in the high frequency of 
anovulatory cycles and reduced fertility in untreated female di- 
abetic rats. Finally, thyrotropin secretion is decreased (49), lead- 
ing to secondary hypothyroidism. Behavioral changes include an 
increase in rood-seeking activity as well as hypcrphagia, together 
with corresponding decreases in sexual and reproductive behav- 
ior. Drinking is also increased, and water intake may be 10 times 
higher than in nondiabetic rats. 

In the genetic syndromes of obesity with glucose intolerance 
or NIDDM, obesity is due primarily to a reduction in energy 
expenditure rather than to increased energy intake. Reduced en- 
ergy expenditure appears to result from defective stimulation of 
thermogenesis in brown adipose tissue (BAT) by the sympathetic 
nervous outflow from the CNS, rather than to an intrinsic abnor- 
mality of BAT itself. All of these animals are hyperphagic com- 
pared with their nonobese counterparts, for at least part of their 
lifespan, and this undoubtedly exacerbates obesity. However, the 
overriding importance of reduced energy expenditure in these 
syndromes is demonstrated by the fact that obesity still develops 
if food intake is not allowed to rise above that of their lean coun- 
terparts (26), and recently, by the elegant demonstration that 
transgenic mice whose BAT has been ablated also become obese 
(80). Another defect in these syndromes is hyperinsulinemia, 
which appears early and may precede the appearance of signifi- 
cant obesity. This may also result from central (hypothalamic) 
deregulation of autonomic function, with dominance of the 
parasympathetic outflow that stimulates insulin secretion, over 
the inhibitory sympathetic system (72). Pituitary dysfunction in- 
cludes increased secretion of corticosterone and impairment of 
gonadotropins (17). The possible involvement of glucocorticoids 
in causing obesity has attracted much interest, following the ob- 
servation that early adrenalectomy prevents obesity from devel- 
oping, whereas glucocorticoid replacement can restore it (44). 
This dependence of obesity on glucocorticoids may relate to spe- 
cific neuroendocrine abnormalities at hypothalamic level, rather 
than to the peripheral effects of steroid excess (see below). 

Although some aspects of neuroendocrine function are simi- 
larly disturbed in the IDDM- and NIDDM-like models, they may 
arise in different ways and have different cause-effect relation- 
ships to diabetes. Any disorders in the IDDM-like syndromes 
must be secondary to direct or indirect effects of insulin defi- 
ciency, due to ^-cell destruction. In NIDDM-like syndromes, the 



role of these disturbances is less clear. Many of these syndromes* 
major features (e.g., reduced energy expenditure, byperphagia, 
obesity, and disordered secretion of insulin and pituitary hor- 
mones) could be explained by a primary abnormality in the hy- 
pothalamus. As discussed below, insulin may act on the hypo- 
thalamus to regulate various aspects of neuroendocrine function 
and energy metabolism, and it Is possible that some of the hy- 
pothalamic disturbances in IDDM- and NIDDM-like syndromes 
could have a common basis in insulin deficiency at hypothalamic 
level. In the case of IDDM, these disturbances would be due to 
absolute deficiency of circulating insulin, whereas hypothalamic 
dysfunction in the NIDDM-like syndromes might be explained 
by insulin being unable to exert its normal actions on the hypo- 
thalamus because the relevant neurons are resistant to insulin 
action. 

THE HYPOTHALAMUS AND DIABETES 

The hypothalamus has an undisputed central role in the con- 
trol of pituitary secretion, food intake, and, through its autonomic 
outputs to BAT and the pancreatic islets, in controlling energy 
expenditure and insulin secretion. It is therefore a logical place 
to begin the search for the origins of the neuroendocrine and 
energy balance disturbances in diabetes. 

The hypothalamic pathways regulating pituitary secretion are 
relatively well defined, but those controlling nutritional state are 
still far from clear. Understanding was clouded for many years 
by misinterpretation of some classical studies, in which lesions 
of the ventromedial nucleus (VMH) and adjacent areas were 
found to cause hyperphagia and obesity, whereas damage to the 
lateral hypothalamic area (LHA) led to hypophagia and weight 
loss. These syndromes exist, but appear now to result from dam- 
age to neural pathways that pass through or close to these regions, 
rather than to destruction of specific satiety or feeding centers. 
Although the VMH and LHA are sensitive to various neurotrans- 
mitters that afreet feeding behavior and body weight, other hy- 
pothalamic areas are undoubtedly important in regulating energy 
metabolism. The paraventricular nucleus (PVN) is now thought 
to be a key integrating center for a variety of metabolic and neural 
signals that relay information about nutritional state. Several neu- 
ral pathways, containing various neurotransmitters, converge on 
the PVN, and many appetite-modulating neurotransmitters are at 
their most potent when injected into this nucleus. These sub- 
stances include appetite-stimulating peptides such as NPY 
(125,126) and galanin (66) and the anorectic agent cholecysto- 
kinin (37), and nonpeptide neurotransmitters such as norepi- 
nephrine (73) and serotonin (119), which stimulate and inhibit 
feeding, respectively. The dorsomedial nucleus (DMH), supra- 
chiasmatic nucleus (SON), and medial preoptic area (MPO) are 
also implicated in the control of feeding behavior, energy expen- 
diture, and body weight The DMH may be important in inte- 
grating information from other hypothalamic regions including 
the VMH and LHA, whereas the SCN contains the pacemaker 
that drives the circadian rhythmicity that dominates virtually all 
metabolic and endocrine functions. The MPO may affect ther- 
moregulation and food intake. Many interconnections are known 
to exist between these areas and other sites within and beyond 
the hypothalamus, although their precise functions are not yet 
clear. The complex subject of the functional neuroanatomy of the 
hypothalamus has recently been cornprehensively reviewed (22). 

Neurotransmitters in the Hypothalamus 

The hypothalamus contains a veritable alphabet soup of pep- 
tide and nonpeptide neurotransmitters. These have many exper- 
imental actions that may hint at, but do not necessarily reveal. 
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their physiological roles in vivo. Functions as complex as feeding 
behavior and energy metabolism are undoubtedly controlled by 
many neurotransmitters interacting at different levels. There may 
or may not be a final common pathway, mediated by a single 
neurotransmitter, through which all other influences are chan- 
nelled. In view of the rate at which new CNS peptides are being 
discovered, it is quite possible that the major players in these 
functions have not yet been identified. 

The many neuropeptides that can affect energy balance have 
been extensively reviewed elsewhere (95). We do not propose to 
discuss this vast topic in any detail, but must draw attention to 
the fact that changes in numerous hypothalamic neurotransmit- 
ters have been reported in certain diabetic or obesity syndromes. 
These include CCK, CRF, somatostatin, and opioid peptides 
(148). Of particular interest are CRF and the opioid peptides. 
CRF has potent effects on energy metabolism in addition to its 
stimulation of corticotropin release, and CRF and NPY neurons 
are closely related in the hypothalamus (see below). Similarly, 
opioids and NPY may interact functionally in the control of en- 
ergy balance (68), whereas hyperglycemia and/or insulin defi- 
ciency appear to affect specific classes of opioid receptors and/ 
or the binding of the endogenous ligands at these receptors, and 
perhaps the synthesis of these neurotransmitters (50,76,79). Cur- 
rently, it is not clear how these neurotransmitters relate to neu- 
roendocrine function in diabetes, or to the altered activity of the 
NPY-containing pathways, which is the subject of the rest of this 
review. At present, NPY seems a convincing candidate for me- 
diating the major neuroendocrine disturbances of diabetes, al- 
though its apparent importance may be eclipsed by other neu- 
rotransmitters in years to come. 

NEUROPEPTIDE Y; AN INTRODUCTION 

NPY exemplifies the incredible speed with which novel pep- 
tides can now be investigated. Since its discovery in 1982 (130), 
NPY has been sequenced and synthesized; its distribution has 
been extensively mapped throughout the CNS and elsewhere in 
several species; its three-dimensional structure and functional do- 
mains have been characterized in some detail; its gene and that 
of one of its receptors have been cloned and sequenced; and the 
first NPY receptor blockers have already been designed and pro- 
duced. These advances have taken about one-sixth of the time 
that was needed for the same exercises to be completed for in- 
sulin. Many newly discovered peptides excite interest only tran- 
siently; NPY is one of those that continues to attract attention, 
as is evident from the 2000 papers published about it to date. 

Like several other, peptides, NPY was first identified by Ta- 
temoto and Mutt (130) in an extract of porcine brain (a by-prod- 
uct of the Danish bacon industry), using a technique that iden- 
tifies peptides that are amidated at the C-terminus. NPY contains 
36 amino acid residues, including a tyrosine (= Y) residue at both 
ends and three other tyrosines in the body of the molecule (129). 
NPY belongs structurally to the family that includes pancreatic 
polypeptide (the patriarch) and peptide tyrosine-tyrosine (PYY), 
and in common with these, consists of a single peptide chain bent 
into a hairpin shape that brings both ends of the molecule together 
for receptor binding (46). NPY has been identified in many spe- 
cies including man, rat, and birds, and its structure is closely 
conserved across species. NPY is cleaved from a precursor (98 
amino acids; M t 1 1,032) derived from the gene (7.2 kb) that con- 
tains four exons (54,70). The portion of the gene upstream of the 
coding sequence contains various putative regulatory sites, in- 
cluding possible glucocorticoid-responsive elements (31). 

NPY is found in many organs and tissues, notably the CNS, 
the sympathetic innervation to blood vessels throughout the 
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body, and the gut and urogenital tract. In the brain, NPY is the 
most abundant neuropeptide yet identified and is found at partic- 
ularly high concentrations in the hypothalamus, hippocampus, 
and cortex (5,32). 

NPY in the Hypothalamus 

Within the hypothalamus, NPY is concentrated in specific nu- 
clei and regions. In situ hybridization shows that virtually the 
only hypothalamic neurons that synthesize NPY under normal 
circumstances are found in the arcuate nucleus (ARC) (96), 
which runs along the base of the third ventricle just above the 
median eminence (Fig. 1). The axons of most of these cells pro- 
ject upwards and rostrally, most passing through the LHA to end 
in the PVN; others terminate in the DMH. and MPO. Tracing 
studies have shown that these latter areas, and especially the 
PVN, also receive NPY-containing fibers that arise from cell 
groups in the medulla (Ai, C t _ 3 ) (115). The proportion of the 
NPY content of the PVN that is supplied by this extrinsic pro- 
jection is not known. The medullary NPYergic neurons also syn- 
thesize catecholamines, whereas the intrahypothalamic ARC- 
PVN pathway does not contain catecholamines (7,115). 

The NPY-containing pathways of the hypothalamus have the 
potential to interact with other neurotransmitters and humoral 
signals at various levels. The ARC, the site of NPY synthesis, is 
rich in releasing factors and other peptides and also contains plen- 
tiful insulin receptors (28). The latter are highly relevant to 
NPY's possible involvement in regulating energy balance (see 
below), although their precise anatomic and functional relation- 
ship to the NPY-containing cell bodies is not yet clear. Within 
the PVN, NPY-containing nerve terminals are clustered around 
cell bodies that synthesize corticotropin-releasing factor (CRF) 
(78), whose axons descend beside the third ventricle to end in 
the ARC. Elsewhere in the hypothalamus, NPY-containing path- 
ways are closely associated with serotonergic fibers (e.g., in the 
PVN and SCN) (21,51,1 16) and, in the supraoptic nucleus, with 
magnocellular neurons that synthesize and release vasopressin 
(151). 

NPY-binding sites have been demonstrated by autoradiogra- 
phy throughout the CNS (35,48); curiously, in contrast to the 
peptide's high concentration in the hypothalamus, the density of 
binding sites in this area seems relatively low. Pharmacologic 
studies have clearly distinguished two subtypes of NPY receptor 



a b 




b 

PVN' 




PIG. 1. Schematic longitudinal and frontal sections through the rat hy- 
pothalamus showing the principal areas involved in the control of energy 
balance. ARC, arcuate nucleus; DMH, dorsomedial nucleus; LHA, lat- 
eral hypothalamic area; PVN, paraventricular nucleus; VMH, ventro- 
medial nucleus; pit, pituitary, 
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on the basis of their relative abilities to bind intact NPY and 
fragments of the molecule. Y, receptors, found in the CNS (in- 
cluding the hypothalamus) and postsynaptically at sympathetic 
nerve endings, preferentially bind intact NPY. Y 2 receptors occur 
throughout the brain and in specific peripheral tissues such as the 
spleen, and have a higher affinity for C-terminal fragments of 
NPY, including the specific agonist NPY ( i 3 „ 3 « (34,134). Tne Yi 
receptor is of particular interest here because it (or a related var- 
iant) appears to mediate the intense hyperphagic action of NPY 
(41). The subtypes mediating NPY's other metabolic and neu- 
roendocrine effects are not laiown. Signal transduction beyond 
the NPY Y, receptor is mediated by G-protems (23) and, in com- 
mon with others of this class, the receptor is a long, single-chain 
molecule that is thought to snake in and out of the cell membrane. 

EXPERIMENTAL ACTIONS OF NPY 

NPY has an impressive and diverse range of actions when 
injected into certain CNS regions, including the hypothalamus 
(Table 2). The potency and specificity of these effects suggest 
that some may reflect NPY's actions in vivo. 

Effects <tf NPY on Energy Balance 

Stimulation of feeding, perhaps the most spectacular effect of 
NPY, was first demonstrated by injection of the peptide into the 
third ventricle (24,75). More precise targeting studies have iden- 
tified me PVN, and also the perifornical LHA, DMH, VMH and 
MPO, as sites most sensitive to NPY's hyperphagic action 
(121,122,125,126). When injected into the PVN, NPY and PYY 
are the most potent central appetite stimulants yet identified; on 
a molar basis, NPY is several hundred times more powerful than 
norepinephrine Feeding can be stimulated three*- to fourfold after 
a single injection, even in rats that are already satiated; indeed, 
the animals do not become refractory to the hyperphagic action 
of NPY when it is injected repeatedly, and obesity can be induced 
after several days of continued administration (123). As dis- 
cussed below, obesity is attributable to reduced energy expen- 
diture and possibly hyperinsulinemia, as well as to increased food 
intake. Rats stimulated to feed by central NPY injection show 
marked macronutrient preference, and selectively eat carbohy- 
drate-rich food (122). During chronic NPY administration, fat 
intake is also relatively increased (120,123). 

Many neuropeptides affect food intake and body weight ex- 
perimentally (95), but NPY stands out against the generality of 
putative appetite-regulating factors because of the extreme po- 
tency of its hyperphagic effect, the behavioral specificity of this 
action (which simulates all aspects of normal hunger), and the 
accumulating evidence that the NPYergic ARC-PVN pathway 
is selectively stimulated under conditions when feeding nor- 
mally increases. Further evidence that feeding is driven at least 
in part by NPY released in the hypothalamus has recently been 
provided by studies that sought to block the effects of endog- 
enous NPY. Leibowitz et al. have reported that an NPY antag- 
onist, PYXj [recently synthesized by Tatemoto's group (131)], 
injected into the PVN, significantly reduced food intake in 
freely fed rats and also when feeding was stimulated by con- 
comitant injection of NPY (74). This response is evidently 
highly circumscribed, as we previously found PYX 2 to have no 
effect when injected into the third ventricle at high dosages of 
up to 1 /zmol (McCarthy et al., unpublished observations). It 
has also been reported that a monoclonal antibody against NPY 
can significantly reduce feeding when injected into the third 
ventricle of fasted rats, presumably by immunoneurralizing 
NPY released in adjacent regions (68). 
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TABLE 2 
CENTRAL EFFECTS OF NEUROPEPTIDE Y 



Action Sites 



Stimulates feeding 


PVN, VMH, DMH, 




LHA, fourth ventricle 


Stimulated drinking 


PVN 


Reduces energy expenditure 


PVN. MPO 


Increases insulin secretion 


PVN 


Increases ACTH and coiticosterone 


PVN 


Reduces growth hormone, 


third ventricle, ARC 


thyrotropin and prolactin 




Increases/reduces LH 


third ventricle 


(depends on sex steroid levels) 




Shifts circadian rhythms 


SCN 


Enhanced memory processing 


third ventricle 



NPY injected into the third ventricle, PVN, or MPO also re- 
duces energy expenditure (13), an effect that may be explained 
by reduced firing of the sympathetic nerves that stimulate heat 
production in BAT (36). NPY injected into the PVN has a further 
effect relevant to obesity and diabetes, namely stimulation of 
insulin secretion (94). This is apparently mediated by increasing 
the activity of the vagal innervation that drives the 0-ceIls, and 
would tend to promote triglyceride deposition in adipose tissue. 

In view of its ability to increase energy intake, reduce energy 
expenditure, and stimulate insulin secretion, it is not surprising 
that repeated injection of NPY into the PVN results in obesity. 
These actions represent a concerted shift in the overall balance 
of the autonomic regulation of energy metabolism, in favor of 
the parasympathetic system. Such a shift was postulated some 
years ago by Jeanrenaud to lead to obesity in both genetically 
obese and VMH-lesioned rodents (58). Evidence that spontane- 
ously increased activity of hypothalamic NPYergic pathways 
could lead to obesity is discussed below. . 

Other CNS tffects of NPY 

NPY affects all anterior pituitary hormones when injected into 
selected hypothalamic regions or the third ventricle. It causes 
release of corticotropin and of corticosterone (135), an effect that 
apparently involves the release of CRF in the median eminence. 
This experimental action of NPY may be physiologically rele- 
vant, although its importance as a corticotropin secretogogue is 
not yet elucidated. 

NPY has complica^d effects on gonadotropin release that are 
greatly influenced by the prevailing sex steroid levels. NPY ad- 
ministered into the third ventricle of male rats inhibits LH release, 
an action that could be explained by the known interactions of 
NPY with neurons that modulate the secretion of gonadotropin- 
releasing hormone in the ARC; by contrast, it stimulates LH re- 
lease when injected centrally into estrogen-primed female rats 
(61). Feedback regulation of NPY by sex steroids is suggested 
by the observation that castration reduces hypothalamic NPY 
concentrations (109) and NPY mRNA levels (133) and, more 
relevantly, decreases NPY secretion both in vitro (109) and in 
vivo (111). This complicated topic has been comprehensively 
reviewed by Kalra (62). 

Other central endocrine effects of NPY injected into the third 
ventricle include inhibition of growth hormone, prolactin, and 
thyrotropin secretion (87). There is mild stimulation of glucagon 
coincident with insulin release when NPY is injected into the 
PVN (2). Administration of NPY into the supraoptic nucleus, in 
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which vasopressin-synthesizing neurons are surrounded by NPY- 
containing terminals, evokes vasopressin release (151). 

NPY administered intrahypothalamically also stimulates ac- 
tive food-seeking behavior and drinking as well as feeding itself, 
and inhibits sexual behavior. Its numerous other CNS actions, 
beyond the scope of this review, include alterations in the level 
of arousal, respiration, pulse rate, and blood pressure (47), and 
an intriguing enhancement of memory when injected into the 
third ventricle (40). 

NPY AND TUB CONTROL OP ENERGY HOMEOSTASIS 

As NPY appears to act within the hypothalamus in a concerted 
fashion to cause weight gain, it is tempting to speculate that one 
of its physiological roles might be to conserve body weight. If 
this was the case, the NPY-containing pathways involved might 
be expected to complete a homeostatic feedback loop, and there- 
fore to be stimulated under conditions of negative energy balance 
or weight loss. This hypothesis has now been tested in several 
models, and appears to be supported by the available evidence. 

In the wild, the commonest challenge to energy homeostasis 
must be starvation. Food-deprived rodents channel their activities 
Into seeking food at the expense of sexual and other behaviors, 
overeat when food is found, and show adaptive reductions in 
BAT thermogenesis and overall energy expenditure. As dis- 
cussed above, these changes are all elicited by NPY injected into 
the PVN and other hypothalamic sites, suggesting that the pep- 
tide could be involved. Food-deprived rats show marked in- 
creases in NPY concentrations in the ARC (12,110), with some 
studies reporting several-fold increases within 48 h of food with- 
drawal (12). NPY levels also rise in the PVN, DMH, and MPO. 
These rises in regional hypothalamic NPY levels are paralleled 
by increases in hypothalamic NPY mRNA (16, 137), localized by 
in situ hybridization to the ARC (16); other brain regions (in- 
cluding the sparse neurons in the PVN and DMH that also ex- 
press NPY) do not show any increases in NPY mRNA (85). 
These changes point to increased synthesis of NPY within the 
ARC and enhanced transport along the ARC-PVN/DMH projec- 
tion to its sites of release. NPY release within the PVN of con- 
scious, unrestrained rats is increased after 72 h of food depriva- 
tion, as has recently been demonstrated by push-pull sampling 
(60): NPY is secreted in large-amplitude pulses that contrast dra- 
matically with the rather flat release profile in freely feeding rats 
(Fig 2). Increased release of NPY within the hypothalamus of 
food-deprived rats is further suggested indirectly by a 30% re- 
duction in high-affinity NPY receptor numbers, consistent with 
downregulation (43). Increases in regional NPY concentrations 
and NPY release within the PVN fall towards normal after re- 
feeding (60,110), although these changes are not immediately 
reversible; NPY receptor numbers, for example, remain down- 
regulated for at least 48 h afterwards (43). At this time, the rats 
are still underweight; teleologically, it would be appropriate for 
a homeostatic circuit that defends body weight to remain over- 
active until any deficit in energy balance has been fully corrected. 
Chronic food restriction, like short-term fasting, also increases 
regional hypothalamic NPY concentrations and NPY mRNA lev- 
els (16). 

Overall, these observations strongly suggest that an inade- 
quate energy intake selectively stimulates the ARC-PVN projec- 
tion. Similar NPY changes occur in other conditions that induce 
major energy deficits, namely exercise, lactation, and insulin- 
deficient diabetes. Rats trained to run intensively on an exercise 
wheel (enough to increase energy expenditure by «40%) showed 
significant increases in NPY concentrations in the ARC, DMH, 
and MPO, which were very similar to those found in a separate 
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FIO, 2. NPY release within the PVN, measured in vivo by push-pull 
sampling. These representative profiles [redrawn from Kalra et al. (60)] 
show the marked increase in NPY secretion in rats deprived of food for 
72 h. Pood was presented to food-deprived rats at 11 00 h. 

nonexercised group that was underfed to match the weight Joss 
of the runners (77). Lactating rats, which display striking hyper- 
phagia (39) and reduced BAT thermogenesis (132) to compen- 
sate for the energy drain of milk production and mammary gland 
hypertrophy, have increased NPY concentrations in the ARC, 
PVN, VMH, and DMH, together with increased NPY mRNA 
levels in the ARC (83,102). 

The common factor in the above conditions, and in insulin- 
deficient diabetes (below), is negative energy balance, whether 
induced by inadequate intake or excessive expenditure. All these 
conditions induce hyperphagia and reduce BAT thermogenesis, 
which could be viewed as homeostatic responses to counteract 
the energy deficits. It seems reasonable to suggest that these 
adaptive changes may be driven, at least in part, by increased 
activity of the NPYergio neurons in the ARC, with enhanced 
NPY synthesis, transport, and release in the NPY-sensitive PVN, 
DMH, and MPO. The ARC-PVN projection may therefore serve 
an important function in energy homeostasis. 

These observations have focused on the intrahypothalamic 
ARC-PVN/DMH pathway. The importance of the medullo-PVN 
projection in controlling energy balance is uncertain. Selective 
lesioning of this projection does not affect spontaneous food in- 
take, although the hyperphagic response to NPY injected into the 
PVN is enhanced (108); this hints at some regulatory function, 
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but NPY and NPY mRNA levels In this input have not yet been 
investigated. 

HYPOTHALAMIC NPY IN ANIMAL DIABETES 

We shall now review the evidence that changes in hypotha- 
lamic NPY could explain various neuroendocrine and behavioral 
changes in diabetic rodents. The insulin-deficient and hyperin- 
sulinemia/obesity diabetic syndromes differ fundamentally, and 
will therefore be discussed separately. However, it will become 
apparent that the activity of the NPYergic projection arising in 
the ARC is increased in both types of syndrome. The different 
ways in which this projection could be stimulated in these con- 
trasting syndromes are discussed below. 

NPY in Insulin-Deficient Diabetes 

Given its experimental actions, NPY is an obvious candidate 
for mediating the hypothalamic disturbances of insulin-deficient 
diabetes (Tables 1 and 2). The first evidence for this emerged 
from a rather speculative study of STZ-diabetic (STZ-D) rats 
(150) in which a dozen peptides were assayed in tissue blocks 
from the medial and lateral hypothalamus, rather than in specific 
nuclei. Of the peptides studied, only NPY showed consistent 
changes compared with nondiabetics: diabetic rats displayed sig- 
nificantly higher NPY concentrations in the central hypothalamus 
(which included the ARC, PVN, DMH, and MPO) and in the 
lateral hypothalamus (comprising mainly the LHA and the lateral 
preoptic area). These NPY increases became significant after 4 
weeks of diabetes and were still present after 6 and 14 weeks. 
Parallel immunocytochemical studies showed increased NPY- 
immunoreactive staining of nerve fibers in the medial hypothal- 
amus, and intense NPY staining in distended cell bodies in the 
supraoptic nucleus. In a subsequent study, significantly elevated 
NPY concentrations were found in the central hypothalamus of 
spontaneously diabetic BB/E Wistar rats whose insulin dosage 
had been deliberately reduced to allow hypoinsulinemia, hyper- 
glycemia, and hyperphagia to develop (147). This demonstrates 
that increased hypothalamic NPY concentrations are a common 
feature of insulin-deficient diabetes, rather than a toxic effect of 
STZ. 

We suggested initially that this change might reflect increased 
activity of NPY-containing pathways in the hypothalamus and 
that the peptide might mediate hyperphagia, polydipsia, and pi- 
tuitary dysfunction in insulin-deficient diabetes. From the se- 
quence of changes in hypothalamic NPY and blood glucose and 
insulin concentrations, we speculated that insulin deficiency, 
rather than hyperglycemia, might be the stimulus for NPY. We 
subsequently used a micropunch technique to localize the in- 
creased NPY concentrations to specific hypothalamic regions and 
found consistent elevations in the ARC at 3- 14 weeks of STZ- 
diabetes, with additional increases in the PVN, DMH, MPO, 
VMH, andLHA(146). Northern blotting of hypothalamic blocks 
showed a fivefold increase in NPY mRNA in STZ-diabetic rats 
(105) and subsequently in diabetic BB/E Wistar rats (59), indi- 
cating that NPY gene expression (and presumably NPY synthe- 
sis) was increased in the hypothalamus. 

Other groups have confirmed these observations. Sahu et al. 
found increased NPY concentrations in the ARC, PVN, VMH, 
DMH, and MPO of STZ-D and BB rats with long-standing (6 
months' duration) diabetes (112). They also found that hypotha- 
lamic tissue from diabetic rats released more NPY in vitro in 
response to K + -induced depolarization than controls (1 12). White 
et al have demonstrated mat hypothalamic NPY mRNA levels 
arc raised (138) and Marks et al confirmed that this increase in 
NPY gene expression is confined to the ARC (86). We have 



18069302 




763 



recently found that NPY receptor numbers in hypothalamic 
blocks are reduced in STZ-diabetic rats of 3 weeks' duration; as 
in food deprivation, we suggest that this indicates increased re- 
lease of endogenous NPY within the hypothalamus (43). Push- 
pull sampling (1 13) and a modified microdialysis technique with 
improved NPY recovery (67) have recently demonstrated that 
release of NPY in the PVN is enhanced in diabetic rats. Stanley 
(124) and Wilding (142) have found that the feeding response to 
mtrahypothalamic NPY is blunted in STZ-diabetic rats, which 
could also be explained by enhanced release of NPY in the hy- 
pothalamus; this could downregulate NPY receptors in the PVN 
and other sites, consistent with our Own findings, and so reduce 
the sensitivity to exogenous NPY. 

Overall, these observations point to increased activity of the 
ARC-PVN/DMH projection, with increased NPY synthesis, 
transport along this pathway, and release in the PVN. NPY could 
be plausibly involved in driving hyperphagia, polydipsia, re- 
duced BAT thermogenesis, and in increased corticosterone se- 
cretion in insulin-deficient diabetes (Table 2); its role in abnor- 
malities of growth hormone, gonadotropin, and other endocrine 
axes must remain speculative until its effects on these hormones 
have been localized more precisely within the hypothalamus. 
Also uncertain is the contribution of the extrinsic medullo-PVN 
input, and particularly the extent to which it could account for 
increases in NPY secretion in the PVN. 

NPY in Hyperinsulinemic/Obese Diabetes Syndromes 

The first studies were conducted in ob/ob mice, using blocks 
of hypothalamic tissue. Hypothalamic neurotensin concentra- 
tions were consistently significantly lower in the obese mutants 
than in lean controls, but NPY levels did not differ (145). This 
negative finding cannot exclude significant NPY increases con- 
fined to discrete nuclei, especially as a subsequent Northern blot- 
ting study found raised NPY mRNA levels (together with re- 
duced neurotensin mRNA) in ob/ob mice (141). Further detailed 
studies of regional hypothalamic NPY levels and receptor char- 
acteristics are clearly required to resolve this uncertainty. 

In rats, the fatty {fa/fa) Wistar is the closest approximation to 
human NIDDM in which hypothalamic NPY has been reported. 
NPY levels were increased in the PVN of these animals (1), 
which displayed the typical syndrome of moderately severe hy- 
perglycemia (22 mmol/1), plasma insulin levels raised to 10 times 
normal, and obesity. NPY mRNA, receptors, and release have 
not yet been investigated in this modeL 

Certain genetically obese rats, which share some common fea- 
tures with the NIDDM models, also show evidence of increased 
ARC-PVN/DMH pathway activity. Fatty (fa/fa) Zucker rats have 
increased NPY concentrations in regions along the pathway 
(ARC, PVN, DMH, VMH) and also in the SCN (11,91). Pnitial 
studies in tatty Zucker rats (144) had not revealed any NPY in- 
creases in hypothalamic blocks, which highlights the importance 
of focusing on individual nuclei when studying the hypothala- 
mus.] Fatty Zucker rats also have increased NPY mRNA con- 
centrations in the ARC (1 14), downregulated NPY receptor num- 
bers in hypothalamic tissue (89), and attenuated feeding 
responses to NPY injected intracerebroventricularly (89). Hiese 
findings closely parallel those in STZ-D rats and point firmly to 
increased NPY synthesis, transport, and release in the hypothal- 
amus. Corpulent (cp/cp) JCR:LA rats also have higher NPY lev- 
els than in lean controls in the ARC, but not in any other regions 
(149); further investigations of hypothalamic NPY in this strain 
are awaited. 

It must be emphasized once again that fa/fa and cp/cp rats 
nave only mild glucose intolerance and are not truly diabetic. 
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Nonetheless, they overlap with the NIDDM models in that they 
display hyperphagia, reduced energy expenditure, hyperinsu- 
linemia, and insulin resistance. As discussed below, the insulin 
resistance common to these syndromes may be crucially impor- 
tant in activating the ARC-PVN/DMH projection. 

WHAT REGULATES HYPOTHALAMIC NPY IN DIABETES? 

It is important to identify the factors that stimulate the 
NPYergic ARC-PVN/DMH pathway in the various models of 
diabetes. This exercise should not only clarify how this important 
neurotransmitter is regulated, but may also throw much-needed 
light on the general control of energy metabolism, pituitary se- 
cretion, and other hypothalamic functions in health and disease. 

As diabetes leads to changes in many metabolites and hor- 
mones as well as in energy balance, electrolyte status, and so on, 
it is difficult to single out the prime mover(s) that might stimulate 
NPY neurons in the ARC. Possible candidates include; 

1. Changes in circulating insulin concentrations. Any theory 
must explain how diametrically opposite changes in insu- 
linopenic and hyperinsulinemic syndromes both stimulate the 
ARC-PVN/DMH projection. 

2. Changes in energy substrates or metabolites, of which hyper- 
glycemia is the most obvious. 

3. Changes in glucocorticoids, thyroid, or other hormones. 

4. Other factors, including stress, body weight changes (which 
also contrast markedly between the various syndromes), state 
of hydration, and so on. 

Currently, the most attractive hypothesis appears to be that 
the ARC-PVN/DMH projection is normally inhibited by insulin, 
and that its overactivity in diabetic rats may be explained by 
failure of insulin to exert this action. However, not all the avail- 
able evidence sits comfortably with this proposal, and other pos- 
sibilities must still be entertained. The evidence for and against 
insulin, glucose availability, and glucocorticoids will now be re- 
viewed; the other factors listed above have not yet been inves- 
tigated. 

Insulin, the CNS, and NPY 

Intuitively, insulin should have no place in the brain, which 
has long been regarded as an insulin-independent tissue. In recent 
years, however, it has become clear that insulin is found in spe- 
cific brain regions, mostly in association with insulin receptors. 
Particularly high concentrations of insulin receptors are found in 
the olfactory bulb and hypothalamus, notably in the median em- 
inence- ARC region (28). CNS insulin receptors are now known 
to comprise two subtypes; one is identical to that in peripheral 
tissues, and is localized to glial cells (3), whereas neurons express 
a structurally distinct, lower molecular weight variant that is 
unique to the CNS (53). . 

Much of the insulin in the brain probably enters from the 
circulation, especially through specialized regions in which the 
blood-brain barrier is incomplete. These areas include the cir- 
cumventricular organs lying around the third ventricle, notably 
the median eminence; in vivo autoradiographic studies have dem- 
onstrated convincingly that radiolabeled insulin injected intra- 
venously can penetrate both the median eminence and ARC (9). 
There is some evidence that certain neurons can synthesize in- 
sulin in vitro (25), and some investigators have demonstrated 
insulin mRNA — albeit at very low levels — in specific brain 
regions, particularly the periventricular region (154). Although 
the significance of any insulin produced by the brain has not been 
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systematically investigated, it is generally assumed that it is over- 
shadowed by insulin derived from the bloodstream. 

The possible functions of insulin in the CNS are even more 
controversial than its origins. Porte, Baskin, Woods, and col- 
leagues have assembled a convincing case that insulin acts cen- 
trally to regulate energy balance and body weight. Insulin in- 
jected into the third ventricle of various species reduces food 
intake and ultimately body weight (18,152), whereas injection of 
insulin antiserum into the VMH can induce hyperphagia (127). 
Central injections of insulin can also stimulate the sympathetic 
innervation supplying BAT (107), and so increase energy expen- 
diture. As overall circulating levels of insulin generally parallel 
body fat content, and as it can apparently gain access to the hy- 
pothalamic regions that control energy homeostasis (9), insulin 
would seem well qualified to convey information about the 
body's energy stores to the CNS. Furthermore, as its central ac- 
tions would tend to reduce body weight and fat stores, it could 
act homeostatlcally via the hypothalamus to limit excessive 
weight gain. 

Insulin could affect hypothalamic colls directly, as certain 
neuron populations (e.g., in the LHA) alter their firing responses 
according to changes in ambient insulin concentrations in vitro 
(100). Alternatively, insulin could influence neuronal activity by 
modulating the availability of glucose or other energy substrates 
in the CNS. The conventional view that the brain does not require 
insulin has been challenged by the demonstration that hyperin- 
sulinemia stimulates glucose uptake into specific regions, includ- 
ing the DMH, VMH, and anterior hypothalamic area (AHA) (8 1), 
some of which contain glucose-responsive neurons. Taken to- 
gether, these observations hint strongly at a role for insulin in the 
central regulation of metabolism and energy balance, although 
its mechanisms of action are yet to be defined. NPYergic neurons 
in the hypothalamus may be some of the pieces missing from 
this puzzle. 

Insulin-NPY interactions. Insulin and NPY have mutually 
antagonist central effects on energy homeostasis, and several 
studies, which have manipulated insulin levels in the circulation 
or locally in the hypothalamus, have suggested that insulin may 
inhibit the ARC-PVN/DMH projection. Circumstantial evidence 
includes the observation that hypoinsulinemia is a common fea- 
ture In all the conditions of energy deficit — starvation, diabetes, 
intense exercise, and lactation— -in which the projection appears 
to be stimulated. It has been proposed that insulin acts directly 
on NPY-synthesizlng neurons in the ARC, because Schwartz and 
colleagues have reported that insulin injected into the third ven- 
tricle prevented the increase in NPY mRNA levels that normally 
occurs In food-deprived rats (118). Intriguingly, insulin exerted 
this inhibitory effect in normal Wistar and in lean (Fa/Fa) Zucker 
rats, but not in fatty (fa/fa) Zucker rats (1 17); the implications of 
this apparent failure of insulin action in the obese mutants are 
discussed in detail below. Insulin can apparently enter the ARC 
from the circulation and so could, in theory, directly affect NPY- 
synthesizing neurons in this nucleus, although it is not known 
whether the insulin receptors in the ARC are carried by the NPY 
neurons; indeed, a substantial proportion of these insulin recep- 
tors are apparently found on catecholamine-containing fibers 
(140) that are distinct from the ARC-PVN/DMH projection (7). 

The significance of Schwartz's observations (117,118) may 
be tempered by the fact that insulin injected into the third ven- 
tricle would reach the ARC neurons by passing through the epen- 
dyma lining the ventricular system, rather than having to follow 
the physiological route across the blood-brain barrier from the 
circulation, and might reach local concentrations far above those 
occurring in real life. To try to avoid these problems, we have 
examined the effects of physiologically relevant changes in cir- 
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dilating insulin levels. In the first study, we determined how 
carefully monitored systemic insulin treatment affected regional 
hypothalamic NPY concentrations in rats fasted for 3 days. Rel- 
atively low insulin dosages (5 U/lcg/day), titrated to avoid hy- 
poglycemia, maintained circulating insulin concentrations in 
fasted rats at levels similar to those in freely fed controls (84). 
We found that the rise in NPY concentrations in the ARC nor- 
mally induced by food deprivation was significantly attenuated 
in the insulin-treated, fasted group. This could be explained by 
circulating insulin entering the hypothalamus and inhibiting NPY 
synthesis in ARC neurons. On the other hand, higher insulin 
levels would undoubtedly have other peripheral metabolic ef- 
fects, such as restraining the lipolysis and ketogenesis of star- 
vation; therefore, we cannot exclude the possibility that other 
metabolites could mediate insulin's effects on hypothalamic 
NPY. 

Two further studies have employed the euglycemic, hyper- 
ins ulineic clamp technique, in which circulating insulin levels 
are raised by insulin infusion whereas glucose is given intrave- 
nously at a rate adjusted to maintain blood glucose concentrations 
within the normal range. Both studies indicate that, if insulin does 
affect the activity of the ARC-PVN/DMH projections, then its 
actions may be more subtle than simple inhibition of NPY syn- 
thesis. We initially examined the effects of 2.5 h of hypexinsu- 
linemia on hypothalamic NPY levels in rats fasted for 24 h; this 
short-term exposure aimed to simulate the acute rise in insulin 
levels that would be anticipated on refeeding. Previous studies 
would suggest that hyperinsulinernia should, if anything, tend to 
reduce the activity of the ARC-PVN/DMH pathway, yet the hy- 
perinsuiinernic group showed a significant increase in NPY con- 
centrations in the ARC, with no other changes elsewhere (82). 
The second experiment investigated NPY mRNA and regional 
hypothalamic NPY levels after 5 days of hyperinsulinernia in 
freely feeding, unrestrained rats infused with glucose through 
implanted cannulae. As with acute hyperinsulinernia, there was 
no fall in NPY levels in the ARC or in NPY mRNA levels; 
indeed, the only significant change from saline-infused normoin- 
sulinemic controls was a slight increase in NPY concentrations 
in the PVN (30). These apparently paradoxical results are not 
necessarily inconsistent with the view that insulin reduces the 
activity of the ARC-FVN/DMH pathway. Levels in the ARC or 
PVN could increase, for example, if insulin inhibited the trans- 
port of NPY out of the ARC to its sites of projection, or blocked 
its release from endings in the PVN, so causing the peptide to 
accumulate in these regions. It must be conceded that the eugly- 
cemic, hypermsulinemic clamp technique does not simply im- 
pose changes in circulating insulin concentrations, as it will also 
increase glucose uptake and utilization in tissues which are in- 
sulin dependent As the latter include various brain regions that 
could communicate with and influence the ARC NPY-neurons, 
such indirect metabolic effects could obscure a direct inhibitory 
action of insulin per se. 

Finally, we administered sc insulin at high doses (60 U/kg/ 
day), which caused profound hypoglycemia. In common with 
previous reports, this caused intense hyperphagia, and repeated 
insulin injections for 7 days induced excessive weight gain (29). 
We found no changes in NPY concentrations in the ARC, PVN, 
or any other hypothalamic regions, in rats with either acute or 
chronic (7 days) hypoglycemia. This negative rinding is in strik- 
ing contrast to all the other hyperphagic conditions mentioned 
above and suggests that, whatever the mechanism that stimulates 
feeding in hypoglycemia, NPY may not be involved. We have 
proposed that hyperinsulinernia may have prevented activation 
of NPYergic pathways, and that this indirectly supports the view 
that hypoinsulinemia is a specific stimulus to hypothalamic NPY. 
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As the rats had free access to food throughout these studies, it 
could be argued that overeating could itself have reversed or 
obscured any alterations in hypothalamic NPY; this seems un- 
likely, however, as diabetic rats that are hyperphagic to a similar 
degree show markedly raised NPY levels (92). 

Insulin and hypothalamic NPY in diabetes. In IDDM, the 
ARC-PVN/DMH projection could hypothetically be activated by 
the fall in circulating insulin levels and the resulting loss of in- 
sulin' s postulated inhibitory effect This seems entirely reason- 
able from the above evidence, but is difficult to prove. Not sur- 
prisingly, insulin replacement tends to normalize the increases in 
NPY mRNA and NPY levels and the downregulation of NPY 
receptors in STZ-diabetic rats (43,86,1 12). 

These studies obviously cannot determine whether the ARC- 
PVN/DMH projection is stimulated directly by insulin deficiency 
itself, or indirectly by hyperglycemia or other sequelae. Hyper- 
glycemia appears unlikely from studies of food restriction in 
STZ-diabetic rats, which was found to lower and even normalize 
glycemia without raising plasma insulin concentrations (92). In 
contrast to insulin treatment, food restriction of diabetic rats did 
not lower regional hypothalamic NPY levels to normal; indeed, 
these rose even further in the ARC, PVN, VMH, and LPO (92) 
(Fig. 3). This indicates that hyperglycemia is not the main stim- 
ulus to hypothalamic NPY; in fact, in view of the additional rise 
in rats rendered normoglycemic without any change in insulin- 
emia, it is even possible that hyperglycemia exerts an inhibitory 
effect. These observations are consistent with the suggestion that 
low circulating insulin concentrations are responsible, and also 
rules out the possibility that increased hypothalamic NPY levels 
are merely the result of hyperphagia. However, the additional 
increases in regional NPY in food-restricted diabetics, whose cir- 
culating insulin levels were no lower than in freely feeding dia- 
betics, argues that other factors operate in addition to, or perhaps 
rather than, hypoinsulinemia. The direct effects of insulin on hy- 
pothalamic NPY in diabetic rats will undoubtedly be tested by 
injecting the hormone intracerebroventricularly, but these studies 
will be subject to the same caveats and uncertainties as outlined 
above. 

In NIDDM/obesity models, the inconsistency between the 
characteristic hyperinsulinernia and the overactivity of the ARC- 
PVN/DMH projection could be reconciled if the hypothalamus 
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FIG. 3. Effects of food restriction on NPY concentrations in the ARC, 
DMH, PVN, and MPO of STZ-diabetic rats. Food restriction normalized 
glycemia, without affecting the low plasma insulin levels typical of STZ 
diabetes. NPY levels in these nuclei increased in freely fed STZ-D rats 
and rose further in those that were food restricted. Statistical significance 
of differences: *p < 0.01 vs. nondiabetics; +p < 0.01 vs. freely fed 
STZ-D group. [Redrawn from McKibbin et al. (92).] 
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(like certain peripheral tissues) was insensitive to insulin action. 
There is some experimental support for this notion in fatty Zucker 
rats, but not yet in other models closer to human NIDDM. Insulin 
injected intracerebroventricularly inhibits feeding in normal rats, 
including lean Zuckers, but not in fatty Zuckers (57). As men- 
tioned above, intracerebroventricular insulin inhibited fasting-in- 
duced rises in NPY mRNA in the ARC of normal rats, but not 
fatty Zuckers (1 17). The ARC NPY neurons could therefore be 
resistant to inhibition by insulin. It was suggested by Porte and 
colleagues that hypothalamic insulin resistance could be due to 
defective insulin receptors, as insulin binding was reduced in the 
hypothalamus (and olfactory bulb) of fatty Zucker rats, compared 
with lean Zuckers (38). However, the situation is not yet clear- 
cut, as other studies have reported normal insulin receptor num- 
bers in the whole hypothalamus and increased receptors in the 
ARC of fatty Zucker rats (52,139). Given the uncertainties re- 
garding insulin's function in the CNS, there are few robust meth- 
ods to assess changes in insulin action in obesity. In common 
with insulin receptors in other tissues, the brain insulin receptor 
has intrinsic tyrosine kinase activity, and can phosphorylate ex- 
ogenous protein substrates at tyrosine residues. The distribution 
of phosphotyrosine-containing proteins in the brain is closely re- 
lated to the distribution of insulin receptors, and has been shown 
to rise in certain brain regions following hyperinsulinemia. In- 
terestingly, this rise was reduced in the hippocampus and olfac- 
tory bulb of fatty Zuckers compared to lean Zuckers, although 
the hypothalamus was apparently normal in the obese mutants 
(97,98). 

Although glucose uptake in the brain is largely independent 
of the action of insulin, insulin-enhanced glucose utilization has 
been demonstrated in discrete brain regions (33) using the 2- 
deoxyglucose (2-DG) uptake technique, combined with image 
analysis. Hyperinsulinemic fatty Zucker rats show reduced 2-DG 
uptake throughout most gray matter areas compared to lean rats. 
These differences were most marked in the hypothalamus and 
autonomic pathways, including the nuclei shown to be responsive 
to insulin in normal rats (33). The exact pathophysiological sig- 
nificance of these findings is unclear, but may reflect, at least in 
part, abnormal action of insulin in the hypothalamus. Overall, 
these experimental results give some support to the hypothesis 
that insulin action in the hypothalamus is abnormal in obesity 
and NIDDM. There is some evidence that the ARC-PVN/DMH 
projection could be activated in these states by failure of insulin 
to exert its inhibitory effect, but the case is by no means proven. 

Glucose and other metabolites. Glucose is a major metabolic 
fuel and its circulating levels may be an endogenous cue for 
feeding, as a small but significant decline has been found to occur 
before the onset of spontaneous eating (20). Ambient glucose 
concentrations can affect the activity of certain hypothalamic 
neurons directly (93), although the effects of glucose on NPY 
neurons in the ARC or elsewhere have not yet been investigated. 
As discussed above, glucose entry to specific brain regions may 
be enhanced by insulin, indicating that these two potential met- 
abolic signals could interact in the CNS. Theoretically, NPY neu- 
rons could be stimulated by reduced glucose availability, as 
would occur during prolonged starvation or perhaps during the 
transient glycernic fall postulated to initiate feeding (20). There 
is some evidence for this, in that neuroglycopenia induce by 2- 
DG (used here in high doses as an inhibitor of glucose utilization, 
rather than a tracer for tissue uptake of glucose) has been reported 
by Leibowitz's group to increase NPY concentrations in the ARC 
(4). This could reflect increased NPY synthesis in the ARC neu- 
rons, and increased activity of the ARC-PVN/DMH projection 
has accordingly been implicated in the intense hyperphagia in- 
duced by neuroglycopenia. By contrast, we did not find 2-DG 
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administration, at doses which stimulated feeding, to increase 
NPY concentrations in the ARC-PVN/DMH projection, although 
levels in the VMH were slightly but significantly increased (88). 
The reason for this inconsistency is not clear; further studies of 
NPY mRNA levels and NPY release in the PVN and other NPY- 
sensitive sites may provide an answer. As mentioned above, neu- 
roglycopenia due to insulin-induced hypoglycemia did not affect 
NPY levels in the ARC or elsewhere (29), but the outcome may 
have been influenced by the potentially inhibitory effect of hy- 
perinsulinemia, 

In diabetes, glucose entry to Insulin-sensitive neurons could 
be impaired, either through absolute insulin deficiency in IDDM, 
or through tissue insulin resistance in the NIDDM models, as 
discussed above. There is some evidence that the glucostat 
regions of the hypothalamus are insulin-dependent (136), al- 
though it is now apparent that glucose sensors exist not only in 
other brain regions, but also in extra-CNS sites such as the liver 
(45). In theory, intracellular glucose levels in these sites could 
be reduced in diabetes, leading to the starvation in the midst of 
plenty invoked for peripheral tissues. The study of food depri- 
vation in STZ-diabetic rats cited above (92) excludes the possi- 
bility that hyperglycemia is a stimulus to hypothalamic NPY. In 
fact, as NPY concentrations in the ARC-PVN/DMH projection 
rose even higher following food deprivation (which normalized 
glycemia without increasing insulin levels), gross hyperglycemia 
may have partially inhibited these cells; glucose could have en- 
tered them to some extent through a mass action effect, even 
though insulin levels remained low. 

Glucose naturally attracts most attention in the context of di- 
abetes* but the possible importance of other metabolites must not 
be neglected. In particular, the products of lipolysis (free fatty 
acids (FFA) and glycerol) and the ketone bodies produced by 
FFA oxidation could plausibly be involved. Circulating levels of 
these metabolites are raised in fasting and insulin-dependent di- 
abetes, and FFA concentrations are also increased in fatty Zucker 
rats (42). We are currently investigating the possible role of these 
substances in stimulating the ARC-PVN/DMH projection in di- 
abetes by using inhibitors of lipolysis and ketogenesis. 

Rote of Glucocorticoids 

As previously described, many anatomic and functional in- 
teractions have been identified between NPY and the hypothal- 
amo-pituitary-adrenocortical axis, notably with CRFergic neu- 
rons in the PVN and ARC (78)* Like many other neurons, 
NPY-containing cells in the ARC carry glucocorticoid receptors 
(55), and there is some evidence that glucocorticoids may stim- 
ulate, whereas adrenalectomy inhibits, NPY synthesis in the ARC 
(31,54). Dexamethasone treatment of normal rats has been re- 
ported to increase NPY concentrations in the mediobasal hypo- 
thalamus, which includes the ARC (27). On the other hand, we 
did not find either acute or chronic dexamethasone treatment to 
increase NPY levels in the ARC, although concentrations were 
significantly increased in the LHA and PVN, respectively (90). 
These studies can all be criticized because they all employed 
pharmacological doses of this powerful synthetic glucocorticoid, 
which, as well as simulating endogenous glucocorticoids, also 
induces insulin resistance, cataboUsm, and weight loss. All these 
secondary changes are known to affect the ARC-PVN/DMH 
pathway, which makes it particularly difficult to dissect out any 
effect of glucocorticoids per se; careful systematic studies em- 
ploying physiological levels of endogenous glucocorticoids (cor- 
ticosterone in rodents) have not yet been reported. 

Glucocorticoids and NPY in IDDM. Glucocorticoids could be 
involved in stimulating the ARC-PVN/DMH projection in 
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IDDM, in which several studies have found corticosterone levels 
to be elevated (101). However, the relationship between raised 
glucocorticoids, hypothalamic NFY, and energy balance in 
IDDM models is puzzling. Increased corticosterone secretion 
would presumably be driven ultimately by increased CRF release 
within the hypothalamus, which might be predicted to cause hy- 
pophagia, increased BAT thermogenesis, and perhaps reduced 
NPY synthesis in the ARC (6,10). The fact that these are the 
opposite of the changes that occur in diabetes emphasizes the 
gaps that still remain in our knowledge of hypothalamic regula- 
tion, although it is possible that anatomically close, but function- 
ally separate, CRPergic pathways mediate these various re- 
sponses. 

We have attempted to unravel the effect of glucocorticoids on 
the ARC-PVN/DMH projection in STZ-diabetes using mifepri- 
stone (RU 486), a powerful glucocorticoid receptor blocker, 
which also has powerful antiprogestagen activity. Mifepristone 
did not reduce NPY levels in the ARC or any other hypothalamic 
nucleus of diabetic rats, and neither was there any diminution of 
hyperphagia (19). Although this argues against involvement of 
glucocorticoids, the study is incomplete without measurements 
of NPY mRNA and of NPY release in the PVN. Furthermore, 
the outcome may have been confounded by the antiprogestagen 
action of rnifepristone, even though we studied male rats to min- 
imize this potential interference. 

Glucocorticoids and NPY in obesity/NIDDM. The obesity 
syndromes (fa/fa rats and ob/ob mice) are more convincingly 
glucocorticoid dependent to some extent, in that adrenalectomy 
will prevent excessive weight gain, an effect reversible with glu- 
cocorticoid treatment (44). Plasma corticosterone levels are 
raised in the obese mutants but, as in STZ-diabetes, the events 
leading to glucocorticoid secretion are uncertain, especially as 
the production and/or release of CRF appears to be impaired in 
ths fa/fa rat (99). Mifepristone reduces hyperphagia and obesity 
ififaflu Zucker rats (69), yet appears to have little effect on the 
increased NPY mRNA levels in the obese mutants (104). A re- 
cent study found that obesity developed in transgenic mice in 
which the glucocorticoid receptor had been * 'knocked out** 
(103): as yet, the possible contribution of changes in hypotha- 
lamic NPY to this intriguing model has not been investigated. 

Overall, although glucocorticoids have the potential to affect 
NPY-synthesizing neurons in the ARC, there is not yet a con- 
vincing body of evidence that they stimulate the ARC-PVN/ 
DMH projection in either IDDM or obesity/NIDDM. 

CONCLUSIONS AND RELEVANCE TO HUMAN DIABETES 

How important are the NPYergic cells of the ARC-PVN/ 
DMH projection in mediating the hypothalamic disturbances of 
diabetes? There is still uncertainty about the place of these rela- 
tively few cells, and of the peptide itself, in the hierarchy of 
transmitters that control hypothalamic function. These important 
questions could be resolved by selectively "knocking out** the 
projection using various techniques that have recently been de- 
veloped. Use of NPY receptor blockers is at present hampered 
by uncertainty about the receptor subtype to be targeted, and by 
the low potency and poor selectivity of the antagonists currently 
available. Immune-neutralization is an alternative, but is also non- 
physiologic. Perhaps the most attractive option is the use of ge- 
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netic manipulation, for example, using antisense oligonucleotides 
injected intracerebroventricularly. This approach has proved 
spectacularly successful in inhibiting the expression of the NPY 
Yi receptor in the rat cortex, but selective targeting of the NPY- 
synthesizing cells of the ARC-PVN/DMH projection (while not 
affecting the other NPYergic neurons in the brain) will undoubt- 
edly be problematic. 

Finally, will all this work be consigned to the category of 
interesting phenomenonology, or can we extract something of 
use to treat human diabetes? In human IDDM, the clinically im- 
portant problems attributable to hypothalamic dysfunction in- 
clude reduced fertility and excessive growth hormone secretion, 
which has been implicated in the problems of poor diabetic con- 
trol overnight and during puberty. The former can be largely 
alleviated by tightening glycemic control, and various therapeutic 
approaches (e.g., anticholinergic drugs such as pirenzepine) have 
been used to treat the latter, as yet, the possible involvement of 
NPY in these abnormalities has not been investigated. It is prob- 
ably in NIDDM that deeper knowledge of the intricacies of hy- 
pothalamic control will be best rewarded, perhaps by the devel- 
opment of novel antiobesity drugs. Should NPY prove to be 
pivotal in the regulation of energy homeostasis in rodents, and 
should it be similarly important in man, then NPY antagonists 
would be rational and potentially highly effective antiobesity 
drugs, as they should both inhibit appetite and increase energy 
expenditure. As emphasized by the recent interim results of the 
UK Prospective Diabetes Study, routine dietary management of 
NIDDM succeeds in fewer than 20% of newly diagnosed patients 
(Turner, communication to British Diabetic Association, Septem- 
ber 1993). When successful, dietary measures can reduce gly- 
cemia, blood pressure, and lipid levels as well as body weight, 
and these favorable changes are reflected in increased life expec- 
tancy (71). An effective and safe antiobesity drug would there- 
fore revolutionize the management of NIDDM. 

There are several conceptual and practical leaps in logic be- 
tween our current state of knowledge and the possible clinical 
use of NPY antagonists. These include the lack so far of any 
systematic studies of NPY's possible functions in the human hy- 
pothalamus; the need to develop specific antagonists to the (un- 
known) NPY receptor subtype that mediates NPY's metabolic 
effects; and the pharmacokinetic challenges of ensuring that such 
drugs can be administered simply, absorbed reliably, and act se- 
lectively on a relatively tiny target in a key area of the brain. 
Nevertheless, there have been recent notable successes in refining 
analogues of peptides such as somatostatin and insulin, and op- 
timizing their pharmacological properties. These encouraging 
precedents suggest that our rapidly expanding understanding of 
NPY may soon be exploited in the treatment of human obesity 
and NIDDM. 
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diseases requires the development of automated reliable methods for 
high-throughput analyses. METHODS: We investigated the combination of 
semiautomated DNA extraction from blood using a robotic workstation, 
followed by automated mutation detection using highly specific fluorescent 
DNA probes, so-called molecular beacons, which can discriminate 
between alleles with as little as one single-base mutation. We designed 
two molecular beacons, one recognizing the wild-type allele and 
the other the mutant allele, to determine genotypes in a single reaction. 
To evaluate this procedure, we examined the C677T mutation in the 
methylenetetrahydrofolate reductase (MTHFR) gene, which is 
associated with an increased risk for cardiovascular disease and neural 
tube defects. DNA was isolated from 10 microL of fresh EDTA-blood samples 
by use of a robotic workstation. The DNA samples were analyzed using 
molecular beacons as well as conventional methods. RESULTS: Both 
methods were compared, and no differences were found between outcomes of 
genotyping. CONCLUSIONS: The described assay enables robust and automated 
extraction of DNA and analysis of up to 96 samples (10 microL of blood per 
sample) within 5 h. This is superior to conventional methods and makes it 
suitable for high-throughput analyses. 
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AB Sequence analysis of human immunodeficiency virus type 1 (HIV-1 ) from 74 
persons with acute infections identified eight strains with mutations in 
the reverse transcriptase (RT) gene at positions 41 , 67, 68, 70, 
21 5, and 219 associated with resistance to the nucleoside analogue 
zidovudine (AZT). Follow-up of the fate of these resistant HIV-1 strains 
in four newly infected individuals revealed that they were readily 
replaced by sensitive strains. The RT of the resistant viruses changed at 
amino acid 215 from tyrosine (Y) to aspartic acid (D) or serine (S), with 
asparagine (N) as a transient intermediate, indicating the establishment 
of new wild types. When we introduced these mutations and the original 
threonine (T)-containing wild type into infectious molecular clones and 
assessed their competitive advantage in vitro, the order of fitness was in 
accord with the in vivo observations: 21 5Y < 215D = 21 5S = 21 5T. As 
detected by real-time nucleic acid sequence-based amplification with two 
molecular beacons, the addition of AZT or stavudine (d4T) to the 
viral cultures favored the 21 5Y mutant in a dose-dependent manner. Our 
results illustrate that infection with nucleoside analogue-resistant HIV 
leads in newly infected individuals to mutants that are sensitive to 
nucleoside analogues, but only a single mutation removed from 
drug-resistant HIV. Such mutants were shown to be transmissible, stable, 
and prone to rapid selection for resistance to AZT or d4T as soon as 
antiretroviral therapy was administered. Monitoring of patients for the 
presence of new HIV-1 wild types with D, S, or N residues at position 215 
may be warranted in order to estimate the threat to long-term efficacy of 
regimens including nucleoside analogues. 
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AB Molecular beacons (MBs) are oligonucleotide probes that 

fluoresce upon hybridization. In this paper, we described the development 
of a real-time PCR assay to detect the presence of Escherichia coli 
0157:H7 using these fluorogenic reporter molecules. MBs were designed to 
recognize a 26-bp region of the rfbE gene, coding for an enzyme 
necessary for O-antigen biosynthesis. The specificity of the MB-based PCR 
assay was evaluated using various enterohemorrhagic (EHEC) and Shiga-like 
toxin-producing (STEC) E. coli strains as well as bacteria species that 
cross-react with the 0157 antisera. All E. coli serotype 0157 tested was 
positively identified while all other species, including the closely 
related 055 were not detected by the assay. Positive detection of E. coli 
0157:H7 was demonstrated when >10(2) CFU/ml was present in the samples. 
The capability of the assay to detect E. coli 0157:H7 in raw milk and 
apple juice was demonstrated. As few as 1 CFU/ml was detected after 6 h of 
enrichment. These assays could be carried out entirely in sealed PCR 
tubes, enabling rapid and semiautomated detection of E. coli 0157:H7 in 
food and environmental samples. Copyright 2001 Academic Press. 
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AB Lipoprotein receptors were originally considered simply as cellular 
transporters for cholesterol and other lipids. This view is rapidly 
changing. Signaling functions have recently been recognized in several 
members of the low-density lipoprotein receptor gene family. 
These Apolipoprotein E receptors are highly expressed in the developing 
and in the mature nervous system, in which they regulate crucial 
developmental processes and might also participate in synaptic 
neurotransmission. 
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AB The association of a particular mitochondrial DNA (mtDNA) mutation with 
different clinical phenotypes is a well-known feature of mitochondrial 
diseases. A simple genotype-phenotype correlation has not been found 
between mutation load and disease expression. Tissue and intercellular 
mosaicism as well as mtDNA copy number are thought to be responsible for 
the different clinical phenotypes. As disease expression of mitochondrial 
tRNA mutations is mostly in postmitotic tissues, studies to elucidate 
disease mechanisms need to be performed on patient material. Heteroplasmy 
quantitation and copy number estimation using small patient biopsy samples 
has not been reported before, mainly due to technical restrictions. In 
order to resolve this problem, we have developed a robust assay that 
utilizes Molecular Beacons to accurately quantify heteroplasmy 
levels and determine mtDNA copy number in small samples carrying the 
A8344G tRNA(Lys) mutation. It provides the methodological basis to 
investigate the role of heteroplasmy and mtDNA copy number in determining 
the clinical phenotypes. 
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AB The single biggest challenge facing in vivo imaging techniques is to 
develop biocompatible molecular beacons that are capable of 
specifically and accurately measuring in vivo targets at the protein, RNA, 
or DNA level. Our efforts have focused on developing activatable imaging 

. probes to measure specific enzyme activities in vivo. Using cathepsin D as 
a model target protease, we synthesized a long-circulating, synthetic 
graft copolymer bearing near-infrared (NIR) fluorochromes positioned on 
cleavable substrate sequences. In its native state, the reporter probe was 
essentially nonfluorescent at 700 nm due to energy resonance transfer 
among the bound fluorochromes (quenching) but became brightly fluorescent 
when the latter were released by cathepsin D. NIR fluorescence signal 
activation was linear over at least 4 orders of magnitude and specific 
when compared with scrambled nonsense substrates. Using matched rodent 
tumor models implanted into nude mice expressing or lacking the targeted 
protease, it could be shown that the former generated sufficient NIR 
signal to be directly detectable and that the signal was significantly 
different compared with negative control tumors. The developed probes 
should find widespread applications for real-time in vivo imaging of a 
variety of clinically relevant proteases, for example, to detect 
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endogenous protease activity in disease, to monitor the efficacy of 
protease inhibitors, or to image transgene expression. 
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AB Candida dubliniensis is an opportunistic fungal pathogen that has been 
linked to oral candidiasis in AIDS patients, although it has recently been 
isolated from other body sites. DNA sequence analysis of the internal 
transcribed spacer 2 (ITS2) region of rRNA genes from reference 
Candida strains was used to develop molecular beacon probes for 
rapid, high-fidelity identification of C. dubliniensis as well as C. 
albicans. Molecular beacons are small nucleic acid hairpin 
probes that brightly fluoresce when they are bound to their targets and 
have a significant advantage over conventional nucleic acid probes because 
they exhibit a higher degree of specificity with better signal-to-noise 
ratios. When applied to an unknown collection of 23 strains that largely 
contained C. albicans and a smaller amount of C. dubliniensis, the 
species-specific probes were 100% accurate in identifying both species 
following PCR amplification of the ITS2 region. The results obtained with 
the molecular beacons were independently verified by random 
amplified polymorphic DNA analysis-based genotyping and by restriction 
enzyme analysis with enzymes BsmAI and NspBII, which cleave recognition 
sequences within the ITS2 regions of C. dubliniensis and C. albicans, 
respectively. Molecular beacons are promising new probes for the 
rapid detection of Candida species. 
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AB The hypothalamus plays a major role in the control of energy balance via 
the coordination of several neuropeptides and their receptors. We used a 
unique polygenic animal model of obesity, Psammomys obesus, and performed 
differential display polymerase chain reaction on hypothalamic mRNA 
samples to identify novel genes involved in obesity. In this 
study, we describe a novel gene that encodes a small protein we 
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have termed "beacon." Beacon mRNA gene 

expression in the hypothalamus was positively correlated with percentage 

of body fat. Intracerebroventricular infusion of beacon resulted 

in a dose-dependent increase in food intake and body weight and an 

increase in hypothalamic expression of neuropeptide Y (NPY). Simultaneous 

infusion of beacon and NPY significantly potentiated the 

orexigenic response and resulted in rapid body weight gain. These data 

suggest a role for beacon in the regulation of energy balance 

and body weight homeostasis that may be mediated, at least in part, 

through the NPY pathway. 
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AB Conventional, high-throughput PCR analysis of common elements utilizing 
numerous primer sets and template DNA requires multiple rounds of PCR to 
ensure optimal conditions. Laborious gel electrophoresis and staining is 
then necessary to visualize amplification products. We propose novel 
multicolor molecular beacons, to establish a high-throughput, 
PCR-based sequence tagged site (STS) detection system that swiftly and 
accurately confirms marker content in template containing common repeat 
elements. A simple, one-tube, real-time PCR assay system was developed to 
specifically detect regions containing CA and GATA repeats. Ninety-six 
samples can be confirmed for marker content in a closed-tube format in 3 
h, eliminating product confirmation on agarose gels and avoiding crossover 
contamination. Multiple STSs can be detected simultaneously in the same 
reaction tube by utilizing molecular beacons labeled with 
multicolor fluorophores. Template DNA from 260 RPCI-1 1 bacterial 
artificial chromosome (BAC) clones was examined for the presence of CA 
and/or GATA repeats using molecular beacon PCR and compared with 
conventional PCR results of the same clones. Of the 205 clones containing 
CA and GATA repeats, we were able to identify 1 29 clones (CA, n = 99; 
GATA, n = 30) by using molecular beacons and only 121 clones 
(CA, n = 92; GATA, n = 29) by conventional PCR amplification. As 
anticipated, 55 clones that contained sequences other than CA or GATA 
failed molecular beacon detection. Molecular beacon 
PCR, employing beacons specific for tandem repeat elements, 
provides a fast, accurate, and sensitive multiplex detection assay that 
will expedite verification of marker content in a multitude of template 
containing these repeats. 
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AB We describe a highly accurate method for determining the sex of human 
embryos via real-time polymerase chain reaction (PCR) amplification of 
highly-conserved, moderately-repeated sequences within the TSPY 
genes on the Y chromosome and the U2 genes on chromosome 
17. Individual male lymphocytes, female lymphocytes, and blastomeres from 
donated cleavage-stage embryos were lysed prior to PCR using an optimized 
buffer containing proteinase K. Molecular beacons, a new type of 
fluorescent probe, were used to detect and quantify accumulating amplicons 
during each cycle of PCR carried out in closed tubes. The present work is 
part of an ongoing study to construct and implement a new, convenient and 
reliable system of preimplantation genetic diagnosis (PGD). 
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AB A fluorescently labeled oligonucleotide probe (molecular beacon) 
was applied to detect Escherichia coli 0157:H7 in artificially 
contaminated skim milk during polymerase chain reaction (PCR) 
amplification of extracted DNA. The probe was designed to hybridize with a 
region of the slt-ll gene coding for the A subunit and to 
fluoresce when the hairpin-stem conformation was linearized upon 
hybridization to the target sequence. The molecular beacon was 
incorporated into PCR reactions containing DNA extracted from artificially 
contaminated skim milk. The degree of fluorescence was monitored in PCR 
reactions containing 10(3), 10(5), and 10(7) CFU of E. coli 0157:H7 per ml 
and was found to correlate with the amount of template in each reaction. 
Fluorescence significantly increased above background levels by cycle 8, 
14, or 14 in reactions containing DNA from the 10(7)-, 10(5)-, or 
10(3)-CFU/ml template, respectively (P < 0.05). Molecular beacon 
PCR demonstrated positive results more rapidly than traditional agarose 
gel electrophoresis analysis of PCR products. Use of molecular 
beacons allows real-time monitoring of PCR reactions, and the 
closed-tube format allows simultaneous detection and confirmation of 
target amplicons without the need for agarose gel electrophoresis and/or 
Southern blotting. This is the first report of a stem-and-loop molecular 
beacon being applied for direct detection of a pathogen in food. 
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AB Homogeneous assays based on real-time fluorescence monitoring during PCR 
are relevant alternatives for large-scale genotyping of single-nucleotide 
polymorphisms (SNPs). We compared the performance of the homogeneous 
TaqMan 5'-nuclease assay and the Molecular Beacon assay using 
three SNPs in the human estrogen receptor gene as targets. When 
analyzing a panel of 90 DNA samples, both assays yielded a comparable 
power of discrimination between the genotypes of a C-to-T transition in 
codon 10 and a G-to-A transition in codon 594 of the estrogen receptor 
gene. The Molecular Beacon probes distinguished better 
than the TaqMan probes between homozygous and heterozygous genotypes of a 
C-to-G transversion in codon 325. The sensitivity of detecting one allele, 
present as a minority in a mixed sample, varied between the SNPs and was 
similar for both assays. With the Molecular Beacon assay, the 
measured signal ratios were proportional to the amount of the minor allele 
over a wider range than with the TaqMan assay at all three SNPs. 
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AB OBJECTIVES: Several natural polymorphisms in the genes for the 

human CC-chemokine receptors CCR5 and CCR2 are associated with HIV-1 
disease. The CCR2-64I genetic variant [a G to A substitution resulting in 
a valine (V) to isoleucine (I) change at position 64] is in strong linkage 
disequilibrium with a mutation within the CCR5 regulatory region 
(CCR5-59653T). Individuals with two CCR2-64I alleles are not resistant to 
sexual transmission of HIV-1 , but progress significantly more slowly to 
HIV-1 disease. It is therefore important to determine the global 
distributions of CCR2-64I and CCR5-59653T genetic variants and define the 
degree of linkage between them. DESIGN AND METHODS: We have developed 
molecular beacon-based, real-time PCR allele discrimination 
assays for ail three chemokine receptor mutations, and used these spectral 
genotyping assays to genotype 3923 individuals from a globally distributed 
set of 53 populations. RESULTS: CCR2-64I and CCR5-59653T genetic variants 
are found in almost all populations studied: their allele frequencies are 
greatest (approximately 35%) in Africa and Asia but decrease in Northern 
Europe. We confirm that CCR2-64I is in strong linkage disequilibrium with 
CCR5-59653T (96.92% of individuals had the same genotype for both CCR2-64I 
and CCR5-59653T polymorphisms). CONCLUSIONS: The greater geographical 
distribution of the CCR2-64I/CCR5-59653T haplotype compared with that of 
CCR5-delta32 suggests that it is a much older mutation whose origin 
predates the dispersal of modern humans. 



t 



L4 ANSWER 14 OF 30 MEDLINE 
ACCESSION NUMBER; 2000385482 MEDLINE 
DOCUMENT NUMBER: 20345607 PubMed ID: 1 0886366 
TITLE: Molecular beacon aptamer fluoresces in the 

presence of Tat protein of HIV-1 . 
COMMENT: Erratum in: Genes Cells 2000 Jun;5(6):423 

AUTHOR: Yamamoto R; Baba T; Kumar P K 

CORPORATE SOURCE: National Institute of Bioscience and Human Technology, 
University of Tsukuba, Tsukuba 305-8572, Japan, 

SOURCE: GENES TO CELLS, (2000 May) 5 (5) 389-96. 

Journal code: CUF; 9607379. ISSN: 1356-9597. 

PUB. COUNTRY: ENGLAND: United Kingdom 
Journal; Article; (JOURNAL ARTICLE) 

LANGUAGE: English 

FILE SEGMENT; Priority Journals 

ENTRY MONTH: 200008 

ENTRY DATE: Entered STN: 2000081 8 
Last Updated on STN: 20001019 
Entered Medline: 20000808 

AB BACKGROUND; We reported an aptamer, RNATat that binds to the Tat protein 
of HIV with two orders of magnitude greater (1 33-fold) affinity over the 
TAR RNA of HIV-1 and specifically inhibits the Tat-dependent 
trans-activation of transcription, both in vitro and in vivo (demonstrated 
in the accompanying article, Yamamoto et al., this issue pp. 371-388). We 
now report the use of aptamer-derived oligomers to analyze the Tat of HIV 
and the possible applications of such constructs in the field of 
biosensors. RESULTS: To make new molecular beacon, we 
constructed two RNA oligomers that derived from RNATat. To one of the 
split RNA oligomers that forms a hairpin structure, the fluorophore and 
quencher were attached at the 5'- and 3'-ends, respectively. Specifically 
in the presence of Tat or its peptides, but not in the presence 
of other RNA binding proteins, the two oligomers undergo a conformational 
change to form a duplex that leads to relieving of fluorophore from the 
quencher, and thus a significant enhancement of the fluorescence of 
fluorescein was observed. CONCLUSION: A novel strategy for exploiting 
aptamers in the analysis of Tat (analyte) has been described. A similar 
strategy could be used to study other analytes such as proteins and small 
molecules. In addition, the molecular beacon aptamer requires 
half the length of target sequence (eight nucleotides) in comparison with 
molecular beacons. Thus, it is conceivable that we could insert 
an analyte-binding site into molecular beacons to convert them 
to signalling beacons. 
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AB Molecular beacons are oligonucleotide probes that become 

fluorescent upon hybridization. We developed a real-time PCR assay to 
detect the presence of Salmonella species using these fluorogenic reporter 
molecules. A 122-base-pair section of the himA was used as the 
amplification target. Molecular beacons were designed to 
recognize a 16-base-pair region on the amplicon. As few as 2 
colony-forming unit (CFU) per PCR reaction could be detected. We also 
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demonstrated the ability of the molecular beacons to 
discriminate between amplicons obtained from similar species such as 
Escherichia coli and Citrobacter freundii in real-time PCR assays. These 
assays could be carried out entirely in sealed PCR tubes, enabling fast 
and direct detection of Salmonella in a semiautomated format. 
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AB Past genotypic studies of Mycobacterium tuberculosis may have incorrectly 
estimated the importance of specific drug resistance mutations due to a 
number of sampling biases including an overrepresentation of 
multidrug-resistant (MDR) isolates. An accurate assessment of resistance 
mutations is crucial for understanding basic resistance mechanisms and 
designing genotypic drug resistance assays. We developed a rapid 
closed-tube PCR assay using fluorogenic reporter molecules called 
molecular beacons to detect reportedly common M. tuberculosis 
mutations associated with resistance to isoniazid and rifampin. The assay 
was used in a comparative genotypic investigation of two different study 
populations to determine whether these known mutations account for most 
cases of clinical drug resistance. We analyzed samples from a reference 
laboratory in Madrid, Spain, which receives an overrepresentation of MDR 
isolates similar to prior studies and from a community medical center in 
New York where almost all of the resistant isolates and an equal number of 
susceptible controls were available. The ability of the molecular 
beacon assay to predict resistance to isoniazid and rifampin was 
also assessed. The overall sensitivity and specificity of the assay for 
isoniazid resistance were 85 and 100%, respectively, and those for 
rifampin resistance were 98 and 100%, respectively. Rifampin resistance 
mutations were detected equally well in isolates from both study 
populations; however, isoniazid resistance mutations were detected in 94% 
of the isolates from Madrid but in only 76% of the isolates from New York 
(P = 0.02). In New York, isoniazid resistance mutations were significantly 
more common in the MDR isolates (94%) than in single-drug-resistant 
isolates (44%; P < 0.001). No association between previously described 
mutations in the kasA gene and isoniazid resistance was found. 
The first mutations that cause isoniazid resistance may often occur in 
sequences that have not been commonly associated with isoniazid 
resistance, possibly in other as yet uncharacterized genes. The 
molecular beacon assay was simple, rapid, and highly sensitive 
for the detection of rifampin-resistant M. tuberculosis isolates and for 
the detection of isoniazid resistance in MDR isolates. 
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AB A new technique of PCR hot start using oligonucleotide primers with a 
. stem-loop structure is developed here. The molecular beacon 

oligonucleotide structure without any chromophore addition to the ends was 
used. The 3'-end sequence of the primers was complementary to the target 
and five or six nucleotides complementary to the 3*-end were added to the 
5*-end. During preparation of the reaction mixture and initial heating, 
the oligonucleotide has a stem-loop structure and cannot serve as an 
effective primer for DNA polymerase. After heating to the annealing 
temperature it acquires a linear structure and primer extension can begin. 
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AB We have developed a randomly ordered fiber-optic gene array for 
. rapid, parallel detection of unlabeled DNA targets with surface 
immobilized molecular beacons (MB) that undergo a conformational 
change accompanied by a fluorescence change in the presence of a 
complementary DNA target. Microarrays are prepared by randomly 
distributing MB-functionalized 3-microm diameter microspheres in an array 
of wells etched in a 500-microm diameter optical imaging fiber. Using 
several MBs t each designed to recognize a different target, we demonstrate 
the selective detection of genomic cystic fibrosis related targets. 
Positional registration and fluorescence response monitoring of the 
microspheres was performed using an optical encoding scheme and an imaging 
fluorescence microscope system. 
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AB A DNA fragment (307 bp) from the conserved region of an adenovirus 
gene (hexon) was amplified by symmetric and by asymmetric 
polymerase chain reaction (PCR). Two amplifications, one in the absence 
other in the presence of a molecular beacon probe were conducted 
by both symmetric and asymmetric PCR. The probe sequence was complementary 
to an internal segment of the amplified fragment. The product amplified in 
the absence and presence of the probe was detected by agarose gel and 
fluorescence analysis, respectively. A symmetric PCR results in 
exponentially grown double stranded DNA. An asymmetric PCR generates one 
of the strands by linear ampllification and a fraction of its total 
product as double-stranded DNA limited by the concentration ratio of the 
primers used. Thus asymmetric PCR provided lower intensity signal hence 
less sensitivity than symmetric PCR by agarose gel analysis as expected. 
However, signal from a beacon probe based PCR assay is generated 
only from the probe fraction that hybridizes successfully competing 
against the strand complementary to the target strand of the product 
generated by PCR. The symmetric PCR has so far been used for the molecular 
beacon based fluorescent signal detection. The present study 
compared the level of fluorescent signal detectable from a symmetric PCR 
with that from an asymmetric PCR. The fluorescent data analysis 
demonstrated that a significant higher level of fluorescent signal hence 
higher sensitivity of detection is obtainable using asymmetric PCR than 
symmetric PCR performed in presence of the molecular beacon 
probe. 

Copyright 2000 Academic Press. 
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AB We describe a multiplex nucleic acid assay that identifies and determines 
the abundance of four different pathogenic retroviruses (HIV-1, HIV-2, and 
human T-lymphotrophic virus types I and II). Retroviral DNA sequences are 
amplified in a single, sealed tube by simultaneous PCR assays, and the 
resulting amplicons are detected in real time by the hybridization of four 
differently colored, amplicon-specific molecular beacons. The 
color of the fluorescence generated in the course of amplification 
identifies which retroviruses are present, and the number of thermal 
cycles required for the intensity of each color to rise significantly 
above background provides an accurate measure of the number of copies of 
each retroviral sequence that were present originally in the sample. Fewer 
than 10 retroviral genomes can be detected. Moreover, 10 copies of a rare 
retrovirus can be detected in the presence of 100, 000 copies of an 
abundant retrovirus. Ninety-six samples can be analyzed in 3 hr on a 
single plate, and the use of a closed-tube format eliminates crossover 
contamination. Utilizing previously well characterized clinical samples, 
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we demonstrate that each of the pathogenic retroviruses can be identified 
correctly and no false positives occur. This assay enables the rapid and 
reliable screening of donated blood and transplantable tissues. 
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AB Discovery of genotypic markers associated with increased transmissibility 
in Mycobacterium tuberculosis would represent an important step in 
advancing mycobacterial virulence studies. M. tuberculosis strains may be 
classified into one of three genotypes on the basis of the presence of 
specific nucleotide substitutions in codoh 463 of the katG gene 
(katG-463) and codon 95 of the gyrA gene (gyrA-95). It has 
previously been reported that two of these three genotypes are associated 
with increased IS61 10-based clustering, a potential proxy of virulence. We 
designed a case-control analysis of U.S.-born patients with tuberculosis 
in San Francisco, Calif,, between 1 991 and 1997 to investigate 
associations between katG-463 and gyrA-95 genotypes and epidemiologically 
determined measures of strain-specific infectivity and pathogenicity and 
IS61 1 0-based clustering status. We used a new class of molecular probes 
called molecular beacons to genotype the isolates rapidly. 
Infectivity was defined as the propensity of isolates to cause tuberculin 
skin test conversions among named contacts, and pathogenicity was defined 
as their propensity to cause active disease among named contacts. The 
molecular beacon assay was a simple and reproducible method for 
the detection of known single nucleotide polymorphisms in large numbers of 
clinical M. tuberculosis isolates. The results showed that no genotype of 
the katG-463- and gyrA-95-based classification system was associated with 
increased infectivity and pathogenicity or with increased IS61 10-based 
clustering in San Francisco during the study period. We speculate that 
molecular epidemiologic studies investigating clinically relevant outcomes 
may contribute to the knowledge of the significance of laboratory-derived 
virulence factors in the propagation of tuberculosis in human communities. 
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AB Rapid cycle DNA amplification is a refinement of the polymerase chain 
reaction (PCR) method that permits increased product specificity while 
reducing amplification time by an order of magnitude. Combined with the 
use of micro volume capillaries, minute samples can be examined by this 
technique. Thus, this approach is ideally suited to the analysis of 
gene expression in individual cells. As the current understanding 
of early developmental processes is still rudimentary, further 
characterization of transcription in single oocytes and embryos may 
provide additional insight into the molecular mechanisms directing these 
events. In this study, we examined the suitability of fluorescence 
monitored reverse transcription (RT)-PCR for the study of gene 
expression during oogenesis and embryogenesis using transcripts of the 
housekeeping gene, beta-actin, as an experimental model. Product 
accumulation was monitored by either the double-stranded DNA dye SYBR 
Green I or sequence-dependent hybridization of reporter molecules called 
molecular beacons. Dyes bind generically and are economical to 
use. However, both specific and non-specific products are labelled. 
Hybridization probes permit very specific and sensitive target recognition 
but they can be costly to manufacture. Once molecular markers indicative 
of optimal development are identified, this technology could be used in a 
clinical in-vitro fertilization laboratory as a diagnostic tool. 
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AB The ability of Mycobacterium tuberculosis to adapt to different 
environments in the infected host is essential for its pathogenicity. 
Consequently, this organism must be able to modulate gene 
expression to respond to the changing conditions it encounters during 
infection. In this paper we begin a comprehensive study of M. tuberculosis 
gene regulation, characterizing the transcript levels of 10 of its 
1 3 putative sigma factor genes. We developed a real-time RT-PCR 
assay using a family of novel fluorescent probes called molecular 
beacons to quantitatively measure the different mRNAs. Three sigma 
factor genes were identified that have increased mRNA levels 
after heat shock, two of which also responded to detergent stress. In 
addition, we also identified a sigma factor gene whose mRNA 
increased after mild cold shock and a second that responded to conditions 
of low aeration. 
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AB The polymerase chain reaction (PCR) and a molecular beacon probe 
were used for the detection of Adenovirus. A 307 bp DNA fragment from a 
conserved region of the hexon gene was amplified. The specific 
molecular beacon was characterized with respect to its 
efficiency of quenching, and signal to noise ratio by spectrofluorometric 
analysis of its hybridization with virus specific complementary single 
stranded oligonucleotide target. Amplification was carried out in the 
presence of the molecular beacon probe, and the amplified target 
was detected by measurement of fluorescence signal in the post PCR sample. 
Separately, a 32P-labeled linear probe (having the same sequence as that 
of molecular beacon probe) was liquid-phase hybridized with the 
product of PCR performed in the absence of the molecular beacon. 
The virus specific target was then detected by electrophoresis of the 
hybridized product in a nondenaturing polyacrylamide gel and subsequent 
autoradiographic analysis. The detection limit of adenovirus by PCR in the 
presence of the molecular beacon probe was found to be similar 
to that obtained by labeled linear probe hybridization following PCR, 
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AB Molecular beacon probes can be employed in a NASBA amplicon 
detection system to generate a specific fluorescent signal concomitantly 
with amplification. A molecular beacon, designed to hybridize 
within the target sequence, was introduced into NASBA reactions that 
amplify the genomic RNA of potato leafroll virus (PLRV). During 
amplification, the probe anneals to the antisense RNA amplicon generated 
by NASBA, producing a specific fluorescent signal that can be monitored in 
real-time. The assay is rapid, sensitive and specific. As RNA 
amplification and detection can be carried out in unopened vessels, it 
minimizes the risk of carry-over contaminations. Robustness has been 
verified on real-world samples. This homogeneous assay, called AmpliDet 
RNA, is a significant improvement over current detection methods for NASBA 
amplicons and is suitable for one-tube applications ranging from 
high-throughput diagnostics to in vivo studies of biological activities. 
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AB Molecular beacons are oligonucleotide probes that become 
fluorescent upon hybridization. We designed molecular beacons to 
detect a point mutation in the methylenetetrahydrofolate reductase (MTHFR) 
gene, a mutation that has been related to an increased risk for 
cardiovascular disease and neural tube defects. The application of 
molecular beacons enables fast, semiautomated, accurate mutation 
detection. Moreover, the procedure is performed in a closed tube system, 
thereby avoiding carryover contamination. We believe these probes will 
find their way into nucleic acid research and diagnostics. 
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AB We developed a new approach to DNA sequence analysis that uses fluorogenic 
reporter molecules-molecular beacons-and demonstrated their 
ability to discriminate alleles in real-time PCR assays of genomic DNA. A 
set of overlapping molecular beacons was used to analyze an 
81 -bp region of the Mycobacterium tuberculosis rpoB gene for 
mutations that confer resistance to the antibiotic rifampin. In a blinded 
study of 52 rifampin-resistant and 23 rifampin-susceptible clinical 
isolates, this method correctly detected mutations in all of the resistant 
strains and in none of the susceptible strains. The assay was carried out 
entirely in sealed PCR tubes and was simple to perform and interpret. This 
approach can be used to analyze any DNA sequence of moderate length with 
single base pair accuracy. 
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AB The authors have developed a method for rapid detection of polymerase 
chain reaction (PCR) amplicons based on surface immobilized PNA-DNA hybrid 
probes ('molecular beacons') that undergo a fluorescent-linked 
conformational change in the presence of a complementary DNA target. 
Amplicons can be detected by simply adding a PCR reaction to a 
microtitre-well containing the previously immobilized probe, and reading 
the generated fluorescence. No further transfers or washing steps are 
involved. The authors demonstrate the specificity of the method for the 
detection of ribosomal DNA from Entamoeba histolytica. 
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AB Light can be used to probe the function and structure of human tissues. We 
have been exploring two distinct methods: (i) externally emitting light 
into tissue and measuring the transmitted light to characterize a region 
through which the light has passed, and (ii) internally generating light 
within tissue and using the radiated light as a quantitative homing 
beacon. The emitted-light approach falls within the domain of 
spectroscopy, and has allowed for imaging of intracranial haemorrhage in 
newborns and of brain functions in adults. The generated-light approach is 
conceptually parallel to positron emission tomography (PET) or nuclear 
medicine scanning, and has allowed for real-time, non-invasive monitoring 
and imaging of infection and gene expression in vivo using 
low-light cameras and ordinary lenses. In this paper, we discuss recent 
results and speculate on the applications of such techniques. 
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AB We have developed novel nucleic acid probes that recognize and report the 
presence of specific nucleic acids in homogeneous solutions. These probes 
undergo a spontaneous fluorogenic conformational change when they 
hybridize to their targets. Only perfectly complementary targets elicit 
this response, as hybridization does not occur when the target contains a 
mismatched nucleotide or a deletion. The probes are particularly suited 
for monitoring the synthesis of specific nucleic acids in real time. When 
used in nucleic acid amplification assays, gene detection is 
homogeneous and sensitive, and can be carried out in a sealed tube. When 
introduced into living cells, these probes should enable the origin, 
movement, and fate of specific mRNAs to be traced. 



